Effects of different temperatures (20-60°C) on gel characteristics, rheology, and protein conformations of pork batters produced by high pressure prior to heating were studied. Cooking yield of batters produced by high pressure was significantly higher than that by heat-only; however, L* values were not significantly different. Highest yield, hardness, springiness, chewiness, and G' values were observed in batters made by high pressure at 20°C and 30°C. α-helix structure was significantly decreased, with significantly increased β-sheet, β-turn, and random coil structures at 20-40°C. Pork batter thermal gel quality can be improved using high pressure at 20°C and 30°C before heating at 80°C for 25 min.
Introduction
The mechanism of meat proteins unfolded, denaturation and formed gel caused by heat and high pressure is difference. It is well known that high pressure processing induced meat gels are based on the protein volume decline, while the thermal meat gels is caused by the violent movement of molecules and destruction of non-covalent bonds. Myofibrillar protein, the major muscle protein, constitutes approximately 55% of total muscle protein. [1] The functionality of myofibrillar proteins dictates the gel characteristics, because the solubilization of the myofibrillar proteins determines the binding and textural properties of meat products. [2, 3] High pressure processing, an emerging technology in the area of meat science, involves changes in the conformation of myofibrillar proteins. [4] [5] [6] These conformational changes of myofibrillar proteins are correlation with gel properties, such as the β-sheet structure in the gels. A higher β-sheet structure content imparts increased hardness and water-holding capacity to the gels. [7] Chapleau et al. [8] reported that the surface hydrophobicity and total sulfhydryl groups of rabbit myosin were increased under high pressure between 100 and 200 MPa. Zhang et al. [9] studied the effect of high pressure on myofibrillar protein. The α-helix and β-sheet structures changed into random coil and β-turn structures as the pressure levels increased; moreover, the protein solubility and gel hardness reached their maximum values and the gel microstructure was dense and uniform at 200 MPa. A better understanding of the changes in gel properties and protein conformations occurring in meat products induced by combined high pressure and thermal conditions could be helpful to elucidate their role during gel formation and facilitate the development of new healthy meat products.
High pressure treatment prior to thermal processing improves the functionality of meat batters. [10] [11] [12] Khan et al. [10] reported that high pressure treatment before heating could reduce cooking loss, improve color, and enhance textural properties of salted duck meat products. Tintchev et al. [11] showed that the maximal solubilization of myofibrillar proteins occurred at 40°C, 200 MPa, with a reduction of salt content by 50% and improvement of functional properties, such as water-holding capacity and texture.
Zheng et al. [12] studied the effects of high pressure applied concurrently or prior to heating and heat alone; they found that high pressure with heating could change the properties of the gel by resisting heatinduced denaturation and gelation of myofibrillar proteins, whereas high pressure before heating altered gel properties by promoting denaturation of myofibrillar proteins. The temperature during high pressure processing also affected water-and fat-holding capacity and gel properties. Combining high pressure and heat treatment at meat protein denaturation temperatures in a single-step process has reportedly resulted in better water retention and texture than heat-only samples. [13, 14] However, the protein conformation changes and gel properties of thermal gels produced by high pressure treatment at 20°C to 60°C are unclear. The research aimed to investigate the physicochemical and protein conformations of pork batters produced at 200 MPa at various temperatures, for 15 min, prior to heating to evaluate the potential of improving the functionality of meat proteins.
Materials and methods

Prepared pork batters
The longissimus dorsi muscles of chilled pork (after slaughter 24 h, Moisture, 72.12%; protein, 23.03%; fat, 2.06%; pH, 5.67) were derived from the landrace (100 ± 5 kg), which were slaughtered at approximately 6 months of age at ZhongPin Group (China). After removing the visible connective tissue and fat, the pork meat was minced using a meat chopper with a 6-mm hole plate (MGB-120, Shandong Jiaxin Food Machinery Co., Ltd., China). Raw pork batters were prepared by mixing 800 g pork meat with 200 g ice water, together with 20 g NaCl, using a bowl chopper (Stephan UMC-5C, Germany). Briefly, the pork meat was placed into the bowl chopper with NaCl. The mixture was chopped for 30 s with one-third volume of ice water. Another one-third volume of ice water was added and the chopping was continued for 30 s. Finally, the remaining ice water was added and chopping was performed for another 60 s. During the chopping process, the meat batters were maintained at a temperature below 10°C. The raw batters were then stuffed into 20-mm diameter polyamide casings (Xianyi casing Co., Ltd., Henan, China) using a sausage stuffer machine (Xiaojin Machinery Co., Ltd., Hebei Shijiazhuang, China) and linked every 120 mm. Finally, the batters were vacuum packed (Xiaojin Machinery Co., Ltd., Hebei Shijiazhuang, China) for subsequent pressure and thermal processing.
High pressure and temperature combinations treatment
The vacuum-packed meat batters were put into a high pressure vessel having a capacity of 0.3 L and a maximum pressure limit of 900 MPa (S-FL-850-9-W/FPG5620YHL, Stansted Fluid Power Ltd., Stansted, UK); the vessel also had a thermostated jacket with an operational temperature range of −20°C to 90°C. Water was used as a pressure transmitting medium and was adjusted to the desired temperatures by circulating water from a thermostating circulator bath (ILB-WCS, STIK Shanghai Co., Ltd., China). The heat-only batter treatment was denoted as T0; the high pressure treatments done with 200 MPa for 15 min at varying temperature levels were designated as follows: T1, 20°C; T2, 30°C; T3, 40°C; T4, 50°C; and T5, 60°C. Subsequently, all samples were heated in a water bath (HH-42, Changzhou Guohua Electrical Appliance Co., Ltd., China) at 80°C for 25 min (internal temperature 72°C), cooled immediately with running water, and stored at 4°C until analysis.
Cooking yield
The cooking yield of pork batters was calculated according to the following formula:
Cooking yield (%) = cooked meat batter/raw meat batter × 100.
Each measurement was replicated 4 times.
Color
Color measurements were carried out at the middle of the cooked pork batters using a CR-400 colorimeter (Minolta, Japan) and calibrated with a white plate (L* = 96.36, a* = −0.14, b* = 1.92). The results were expressed as L*, a*, and b*. Each measurement was replicated 5 times.
Instrumental texture
The texture profile analyzes of the samples (the cylindrical-shaped with a diameter of 20 mm and a height of 20 mm) were carried out, according to the method described by Kang et al. [15] , using a texture analyzer (TA-XT plus Texture analyzer, Stable Micro Systems, UK) with a P/36R aluminum cylindrical probe. The following parameters were used: pre-test speed 2 mm/s, test speed 2 mm/s, post-test speed 2 mm/s, compression ratio 40%, trigger force 5 g, and compression cycle intervals of 5 s. The indicators of hardness, springiness, cohesiveness, and chewiness were determined. Each measurement was replicated 4 times.
Rheology
Rheology is an important index for describing the functional properties of proteins; changes in these functional properties directly affect the gelation properties of pork batters. [16, 17] The rheological properties of raw pork batters were measured according to the method described by Sun et al. [18] , with slight modifications, using a rotary rheometer (HAAKE MARS III rheometer, Thermo scientific, Germany) equipped with a P35TiL probe (35 mm parallel plate). For every test, approximately 3 g of each sample was evenly spread between the two plates, with a gap of 1 mm and a thin coating of silicone oil to prevent evaporation. The sample was allowed to stabilize at the desired temperature (20°C) for 10 min prior to heating to 80°C, at a rate of 2°C/min, by circulating water. The gelation process was monitored under controlled stress and a constant frequency of 0.1 Hz. During this process, the changes in the storage modulus (G') were measured. Each measurement was replicated 3 times.
Raman spectroscopic analysis
Raman experiments on the cooked pork batters were performed according to the procedure described by Zhu et al. [19] The batters were evaluated using a Jobin Yvon Labram HR800 spectrometer (Horiba/Jobin. Yvon, Longjumeau, France). A microscope equipped with a 50× lens was used to focus the excitation laser beam (514.5 nm excitation line of a Spectra Physics Ar-laser) on the batter; the Raman signal was collected in the back scattered direction. The spectra were obtained in the range of 400 cm −1 to 4000 cm −1 . Each spectrum of cooked pork batters was measured under the following conditions: three scans each, exposure time 30 s, resolution 2 cm −1 , sampling speed 120 cm −1 /min, and data collection every 1 cm −1 . Spectra were smoothed and baselines corrected and normalized against the phenylalanine band at 1003 cm −1 [20] using Labspec version 3.01c (Horiba/Jobin. Yvon, Long-jumeau, France). According to the changes of amide I frequencies, the secondary structures of the cooked pork proteins were determined as percentages of α-helix, β-sheet, β-turn, and random coil structures. [21] Each measurement was replicated 3 times.
Statistical analysis
Each experiment had four replicates. The data were analyzed using one-way ANOVA program (SPSS v.18.0 for Windows). The differences between means were considered significant at p < .05.
Results and discussion
Cooking yield
The effect of high pressure at various temperatures on the cooking yield of pork batters is shown in Figure 1 . Compared with the heat-only batter, cooking yields of all pork batters obtained by high pressure significantly increased (p < .05). The higher cooking yield of the pork batters by high pressure reflects a better water-holding capacity. Yang et al. [22] reported that high pressure processing (200 MPa for 2 min) significantly decreased (p < .05) the loss on cooking and changed the P 2 peak ratio of the four water components in raw pork sausages. The largest cooking yields of pork batters by high pressure were obtained at 20°C, 30°C, and 40°C; the yields were significantly decreased (p < .05) over 40°C. Excessive or insufficient temperature treatment of meat batters during pressurization was not conducive to the formation of a gel network structure. [23] Marcos et al. [24] reported that a higher cooking yield was observed at 40°C than at 60°C in ostrich meat sausage by pressurization before heating. In contrast, Mcardle et al. found that a higher cooking yield was observed at 40°C than at 20°C in beef sausage by pressurization before heating. On the other hand, Mcardle et al. [25] found that the higher cooking yield was observed at 40°C compared to 20°C in beef by pressurization before heating. The main reason for this difference could be that the batters had different formulae and high pressure processing conditions.
Color
The effect of high pressure at various temperatures on the color of cooked pork batters is shown in Table 1 . Compared with the heat-only batter, the L* values of pork batters obtained by high pressure were not significantly different (p > .05). One possible reason was that protein denaturation caused by high pressure led to the formation of a denser meat protein network. Another reason could be the changed oxidative states of the pigment myoglobin. [5, 26] Yang et al. [27] found that sausages treated at 200 MPa were much lighter and whiter than those treated at 0.1 MPa. The difference was due to the duration of the high pressure treatment. The a* values were significantly increased (p < .05) at 30°C, and the largest a* values were obtained at 40°C and 50°C. The b* values of pork batters obtained by high pressure were significantly increased (p < .05) with the increased temperature, which was also an indication of the oxidation and denaturation of myoglobin between the high pressure and thermal conditions. 
Instrumental texture
The texture of the cooked pork batters was significantly affected (p < .05) by the high pressure and temperature combinations ( Table 2 ). Compared with heat-only, the hardness, springiness, cohesiveness, and chewiness of batters by high pressure at 20°C, 30°C, and 40°C were significantly increased (p < .05). Yang et al. [27] reported that, compared with the values of 0.1 MPa-treated sausages, those treated at 200 MPa for 2 min at 10°C showed significantly increased (p < .05) values for texture parameters. Some researchers reported that high pressure processing can induce muscle protein gels to form a firmer texture. [28, 29] Zheng et al. [14] showed that the sausages produced by high pressure before heating had significantly higher values for hardness, springiness, cohesiveness, chewiness, and resilience than the heat-only sausages. Compared with the 20°C and 30°C treatments, all the texture parameters of 40°C, 50°C, and 60°C treated groups were significantly decreased (p < .05). High pressure causes protein denaturation with increased pressure and temperature. [11, 30] The reason for this is that the combination of pressure and heat improve the efficiency of protein aggregation and gelation and lead to heat-induced helix-coil transition. [31] Thus, here, excessive temperature resulted in the weakening of molecular interactions and the destruction of the network structure in gels. [32] In addition, the temperature and high pressure treatment affected the moisture in the pork batters, which, in turn, affected the texture of the gel. [33] Zheng et al. [12] found that combined high pressure and heat changed the gel properties by resisting the heat-induced denaturation and gelation of myofibrillar proteins, which caused these texture parameters values to be lower than those of batters produced with high pressure before heating.
Rheological properties
The G′ values of pork batters produced by high pressure at various temperatures are shown in Figure 2 . A significant difference was observed in the G′ of pork batters at different temperatures; the initial G′ values were increased with the increase of temperature from 20°C to 60°C; the main reason for this could be the difference in the thermodynamic properties and thermal stability between the two caused by meat protein denaturation. [15] T0, T1, and T2 displayed similar heating curves, with three phases evident in the G′ during the heating process of raw pork batters. The first phase showed that the G′ values tended to slightly increase as the temperatures were increased from 42°C to 52°C (T0) and 44°C to 52°C (T1 and T2) as gelation was initiated following interactions between the proteins. [34, 35] As the pressure protected the meat protein from subsequent thermal denaturation, T1 and T2 had a higher denaturation temperature than T0. [36] In the second phase, the G′ values slightly decreased from 53°C to 58°C (T0) and 53°C to 59°C (T1 and T2) as a result of the denaturation of the myosin tails, possibly by the disruption of the protein network that had previously formed at lower temperatures. [37] G′ then increased rapidly as the temperature increased to 80°C, as a result of the transformation from a viscous sol to an elastic gel network. [38] T3 had an unique heating curve; there was a slight increase from 47°C to 54°C and a slight decrease from 55°C to 59°C because of the myosin denaturation caused by high pressure and heat. T4 and T5 had a similar heating curve, and two phases were involved during the heating process [39] ; as the myosin was completely denatured during the combined high pressure and thermal treatment, the G′ values tended to slightly decrease with temperature from 21°C to 60°C in the first phase, which probably resulted from fat softening and the rupture of the hydrogen bonds. In the second phase, a slight increase in G′ values was observed from 61°C to 80°C, as gelation was initiated, following protein-protein interactions, mainly by the formation of hydrophobic interactions and covalent disulfide bonds. [40, 41] 
Raman spectroscopic
The percentages of the secondary structures of proteins in the pork batters are shown in Table 3 . The secondary structures of the cooked meat batters were affected by temperature and pressure. There was a significant decrease (p < .05) in the content of the α-helix structure with increasing temperature and pressure; however, the content of the random coil structure was significantly increased (p < .05). The main reason was the pressure-induced gel formation of myosin, which was attributable to the denaturation of myosin, and the increase of protein surface hydrophobicity and sulfhydryl content. [42] The secondary structures of meat protein are sensitive to changes in the hydrogen bonding scheme involving the peptide linkages of amide I band, which is attributable to α-helix, β-sheet, β-turn, and random coil structures, respectively. [43, 44] Berhe et al. [45] reported that meat protein cooked above 60°C positively correlates to the high intensity of bands at the amide I regions. The results indicated a significant (p < .05) increase in the βsheet and β-turn structure content accompanied by a concomitant decrease in α-helix content. Zhang et al. [9] found that at increased pressure levels, α-helix and β-sheet changed into random coil and β-turn structures; moreover, the surface hydrophobicity and formation of disulfide bonds were strengthened. Compared with the heat-only batters, in the batters produced by high pressure at 200 MPa for 15 min, the content of β-sheet and β-turn structures were significantly increased (p < .05) from 20°C to 40°C. Additionally, there were no significant differences (p > .05) from 50°C to 60°C because the myofibrillar protein had completely denatured during high pressure processing.
Conclusion
The effects of high pressure and temperature combinations on the thermal gel properties and protein conformations of pork batters were significantly different. Compared with the heat-only batter, the cooking yield and texture parameters of high pressure batters were significantly increased (p < .05) at 20°C, 30°C, and 40°C. In the pork batters prepared at high pressure, the highest cooking yield and texture parameters were obtained at 20°C and 30°C. The initial G' values improved with increased temperatures. Meanwhile, the secondary structures changed from the α-helix structure to the random coil, β-sheet, and β-turn structures from 20°C to 40°C. Overall, the gel properties of pork batters could be improved using high pressure at 20°C and 30°C. Table 3 . Effect of different temperature intervals (from 20°C to 60°C) at 200 MPa on the percentages of protein secondary structures α-helix, β-sheet, β-turn, random coil of pork batter before heated in a water bath at 80°C for 25 min. 
